The electronic structure of ultrasmall Au clusters on thin MgO=Agð001Þ films has been analyzed by scanning tunneling spectroscopy and density functional theory. The clusters exhibit two-dimensional quantum well states, whose shapes resemble the eigenstates of a 2D electron gas confined in a parabolic potential. From the symmetry of the highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) of a particular cluster, its electron filling and charge state is determined. In accordance with a Bader charge analysis, aggregates containing up to 20 atoms accumulate one to four extra electrons due to a charge transfer from the MgO=Ag interface. The HOMO-LUMO gap is found to close for clusters containing between 70 and 100 atoms. DOI: 10.1103/PhysRevLett.102.206801 PACS numbers: 73.21.La, 68.37.Ef, 68.47.Gh, 71.15.Mb Ultrasmall metal clusters exhibit unique size-dependent properties due to a large fraction of surface atoms and a distinct electronic structure [1] . Reducing the atom count below a few hundred, the bulk band structure breaks down and discrete energy levels emerge. These quantization effects are in part responsible for the unusual chemical properties of small metal particles with respect to bulk materials [2-4], as well as for a variety of optical and electronic phenomena [1] . Experimentally, electron quantization effects are difficult to access, and the existing knowledge is mainly based on photoelectron spectroscopy on size-selected clusters in the gas phase [5, 6] . Naturally, those experiments cannot account for substrate effects, which are, however, of pivotal importance for the electronic structure of supported metal particles [3, 4, 7] . The investigation of adclusters, on the other hand, is often hampered by their size and shape distribution on the surface, giving rise to inhomogeneous broadening effects in nonlocal spectroscopic techniques. Scanning tunneling microscopy (STM) provides a powerful alternative to study the interplay between geometric and electronic properties of supported clusters at the local scale. Using this technique, quantum well states have been detected in clusters of different dimensionality grown on metal [8, 9] , semimetal [10, 11] , and oxide supports [12] .
The electronic structure of ultrasmall Au clusters on thin MgO=Agð001Þ films has been analyzed by scanning tunneling spectroscopy and density functional theory. The clusters exhibit two-dimensional quantum well states, whose shapes resemble the eigenstates of a 2D electron gas confined in a parabolic potential. From the symmetry of the highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) of a particular cluster, its electron filling and charge state is determined. In accordance with a Bader charge analysis, aggregates containing up to 20 atoms accumulate one to four extra electrons due to a charge transfer from the MgO=Ag interface. The HOMO-LUMO gap is found to close for clusters containing between 70 and 100 atoms. Ultrasmall metal clusters exhibit unique size-dependent properties due to a large fraction of surface atoms and a distinct electronic structure [1] . Reducing the atom count below a few hundred, the bulk band structure breaks down and discrete energy levels emerge. These quantization effects are in part responsible for the unusual chemical properties of small metal particles with respect to bulk materials [2] [3] [4] , as well as for a variety of optical and electronic phenomena [1] . Experimentally, electron quantization effects are difficult to access, and the existing knowledge is mainly based on photoelectron spectroscopy on size-selected clusters in the gas phase [5, 6] . Naturally, those experiments cannot account for substrate effects, which are, however, of pivotal importance for the electronic structure of supported metal particles [3, 4, 7] . The investigation of adclusters, on the other hand, is often hampered by their size and shape distribution on the surface, giving rise to inhomogeneous broadening effects in nonlocal spectroscopic techniques. Scanning tunneling microscopy (STM) provides a powerful alternative to study the interplay between geometric and electronic properties of supported clusters at the local scale. Using this technique, quantum well states have been detected in clusters of different dimensionality grown on metal [8, 9] , semimetal [10, 11] , and oxide supports [12] .
This Letter reports a combined STM/density functional theory (DFT) study on Au clusters on MgO=Agð001Þ thin films. MgO belongs to the best-explored oxide materials, as high-quality films can be prepared [13, 14] and theoretical modeling is easy due to its simple rocksalt structure. Nanodispersed Au on MgO=Agð001Þ follows a specific adsorption scheme, being governed by a charge transfer from the metal support into low-lying Au affinity levels [15] [16] [17] [18] . The Au anions strongly bind to the MgO film, via an electrostatic attraction to the Mg 2þ surface ions, a polaronic distortion of the oxide lattice, and the polarization of the metal underneath [15, 17] . The recently observed formation of two-dimensional (2D) Au islands on MgO thin films [19, 20] , being in contrast to the 3D growth found on bulk MgO, has been taken as an indication for such electron transfer processes. However, direct experimental evidence for the negative charging of Au could not be provided in that case. This work gives detailed insights into the structural and electronic properties as well as the charge state of individual Au clusters on a 2 ML thin MgO film, exploiting the distinct symmetry of quantum well states in their confined electronic system.
The experiments are carried out with an ultrahigh vacuum STM operated at 4.5 K. The sample electronic structure is probed with differential conductance (dI=dV) spectroscopy using a lock-in technique (V mod ¼ 10 mV rms). The MgO film is prepared by Mg deposition onto a sputtered and annealed Ag(001) surface in 1 Â 10 À6 mbar O 2 and at 570 K. It results in an atomically flat MgO film, exposing large rectangular terraces delimited by nonpolar step edges [13, 16] . Single Au atoms are evaporated from a high-purity wire and deposited onto the sample at 100 K. Because of the thermal energy of the incoming atoms and their low diffusion barrier on the MgO, Au aggregates into ultrasmall clusters. The DFT calculations are performed with the grid-projectoraugmented-wave method (0.2 Å grid spacing) [21] using the generalized-gradient approximation [22, 23] . Periodic boundary conditions are applied in the surface plane, while the perpendicular direction is kept nonperiodic. The substrate is modeled with two MgO layers being in registry with three Ag(001) planes of 4.14 Å lattice constant. Except for the two bottom Ag layers, all atoms are relaxed during geometry optimization until forces are below 0:05 eV= A. Depending on the cluster size, (4 Â 4), Bader method [24] are used to analyze the electronic structure and the charge state of the adclusters. The STM images are simulated with the Tersoff-Hamann formalism [25] , using a state density of 1:4 Â 10 À5 e= A to match the experimental tunnel current of 5 pA.
Figure 1(a) shows an STM-topographic image of a 2 ML MgO film after deposition of 0.02 ML Au. The dominant surface species are round protrusions of 6-7 Å size and 0.8 Å height, being identified as Au monomers [19] . Additionally observed adstructures with 1D and 2D shapes and 0.8 Å height are assigned to single-layered Au clusters [26] . For selected 2D species, a sudden increase in apparent height occurs when the imaging bias is increased above a certain threshold [ Fig. 1(b) ] [27] . Simultaneously, the cluster appearance changes from the compact structures visible at low bias to characteristic flowerlike shapes [ Fig. 1(c) ] [18, 25] . Both effects indicate that the STM contrast is now governed by electronic properties of the clusters, and quantum well states (QWSs) become available for electron transport between tip and sample. The QWSs give rise to pronounced maxima in the dI=dV spectra of the respective clusters, which occur at similar bias values as the contrast change in the images (Fig. 2) . The highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) are hereby usually separated by a region of zero conductance that varies between 0.1 and 1.8 eV for differently sized clusters. Conductance imaging performed at the dI=dV peak positions provides the spatial symmetry of the QWSs. In most cases, they are characterized by an irregular lobe pattern, manifesting the disordered arrangement of Au atoms within the aggregate [ Fig. 1(c) ]. In selected cases, also highly symmetric orbitals with a defined node structure are observed, which closely resemble the eigenstates of a free-electron gas confined in a 2D parabolic potential. According to the number of nodal planes, orbitals with S, P, D, F, and G symmetry, corresponding to an angular momentum quantum number of 0-4, can be distinguished. The free-electron nature of the QWSs in Au clusters reflects their origin from the Au 6s electrons that delocalize in the cluster potential, as already recognized in an earlier DFT study [18] . The initial orbital shapes are maintained in this case, because the Au 6s-derived states reside in the MgO band gap (6.4 eV for a 2 ML film) [14] and are well separated from the low-lying Au 5d band [23] .
Based on the STM-topographic data and the orbital shapes, the true atomic and electronic structure of the Au clusters is determined with DFT, by searching for candidate clusters with matching properties. This is demonstrated for the cluster shown in Fig. 2 . In low-bias images, the cluster adopts a pentagonal shape with 14 Å diameter. Above þ0:7 V and below À0:3 V, flowerlike patterns with eight lobes and four nodal planes become visible, indicating a G symmetry of both frontier orbitals. Conductance data reveal an even more complex picture, where only the HOMO at À0:4 V and the LUMO at þ0:8 V are of G character, while two additional peaks at À0:8 and À1:2 V show P symmetry with the node being orthogonal in both cases. The symmetry of the HOMO-1 slightly interferes with the HOMO, which still controls the integral conductance of the junction and therefore the tipsample distance. Consequently, artificial maxima appear in the dI=dV maps of the HOMO-1 at the node positions of the HOMO. All images reveal a certain difference between 18 cluster on 2 ML MgO=Agð001Þ (I ¼ 5 pA, 3:9 Â 3:9 nm 2 ) in comparison with simulated (d) conductance and (e) topographic images (2 Â 2 nm 2 ) and a structure model. (c) Experimental and simulated dI=dV spectra taken at the blue and orange dots marked on the cluster in (a) and (e). the left and the right cluster half, indicating a slight asymmetry of its atomic configuration.
FIG. 2 (color online). (a) STM-topographic and (b) conductance images of an Au
After an extensive DFT screening, a planar Au 18 cluster with D 2h symmetry was found to perfectly reproduce the experimental results of Fig. 2 . Its structure is derived from a D 6h -symmetric Au 19 cluster with one corner atom removed, giving rise to the pentagonal shape [23] . The Au 18 cluster has 11 occupied valence states, ten of them filling the first four electronic shells of the harmonic potential [ Fig. 3(c) ]. The HOMO and LUMO therefore correspond to the lowest and second lowest orbital of the 5th shell, respectively, and are both of 1G character. The slight asymmetry in the atomic configuration lifts the degeneracy of both states and gives rise to a HOMO-LUMO gap. It also induces the lower state density of the LUMO at the position of the missing atom. Both results, the G character of the frontier orbitals and the asymmetric LUMO, perfectly match the experimental results. The agreement is further supported by the calculated symmetry of the HOMO-1 and HOMO-2 of the Au 18 , which are the two orthogonal 2P-QWSs in the 4th electronic shell. Also dI=dV spectra have been simulated by calculating the bias-dependent Tersoff-Hamann tunneling current and taking the numerical derivative [ Fig. 2(c) ]. The sequence of states and even their intensity modulation within the cluster agree well with the experiment, although the peak energies and the HOMO-LUMO gap are underestimated due to the wellknown DFT ''band-gap problem.''
The filling of 11 QWSs fixes the number of valence electrons in the Au 18 cluster with 22. Each of the 18 Au atoms donates its 6s electron to the QWSs, implying that the missing four electrons have been transferred from the support. The presence of four excess charges is corroborated by the computed Bader charge of À3:54jej or À0:2jej per atom, similar to the result obtained for a compact Au layer on 2 ML MgO=Agð001Þ. The characteristic orbital structure of Au 18 therefore provides clear evidence for the negative charging of the adcluster and enables the first reliable quantification of the underlying electron transfer from the MgO=Ag interface [15] [16] [17] 20] .
The concept of reconstructing the atomic structure of Au clusters on MgO films has been applied to other examples, aiming for more general conclusions on their sizedependent properties. Figure 3(a) shows a slightly smaller aggregate, where the HOMO is of F symmetry and the LUMO, 1.0 eV higher in energy, has P character. Comparing this to DFT results of various candidate clusters, best matching is achieved for a D 4h -symmetric Au 14 . The Bader analysis reveals that this cluster carries two transfer electrons from the support, bringing the total electron count to 16. This charge state is compatible with the level occupancy predicted by the harmonic oscillator model. The HOMO is the 8th QWS and has 1F character, while the LUMO is of 2P symmetry as in the experiment [ Fig. 3(c) ]. The smallest cluster with well-defined QWSs in this study has frontier orbitals of D and mixed S and P character, separated by an energy gap of 1.9 eV [ Fig. 3(b) ]. The underlying configuration is assigned to a twofold negatively charged Au 8 cluster, whose HOMO and LUMO are the 1D and 2S QWS in the harmonic potential, respectively. Whereas the calculated HOMO matches perfectly, the LUMO symmetry slightly differs from the experiment. The deviations might be explained by a certain overlap between the LUMO and the 2P-like LUMO þ 1, emphasizing the two outer lobes in the measurement. In all Au clusters, QWSs with higher angular momentum in a given shell are found to be lower in energies than their Sand P-like counterparts, in contrast to the ideal oscillator model. This finding indicates a certain admixture of box character to the harmonic potential, introducing a downshift of states with higher angular momentum [6] .
In Fig. 4(a) , the evolution of the HOMO-LUMO gap (E g ) is analyzed for clusters of different atom counts, being estimated from the cluster area measured in the STM. Spectroscopy reveals a gradual closing of the gap around E F until metallic behavior sets in for 70-100 atoms per cluster [2, 4] . The gap size follows the inverse cluster area (dashed line), as expected for the energy separation of eigenstates in a 2D harmonic or spherical box potential [6] . The smooth dependence of the gap size on is superimposed by oscillations that reach 0.8 eV for ultrasmall clusters. Large E g values hereby suggest electronic shell closing, whereas smaller gap sizes are compatible with open-shell configurations. A clear oscillatory pattern, as predicted for a harmonic oscillator [18] , is not observed, as nonsymmetric Au clusters are abundant, in which the degeneracy of QWSs is lifted. Furthermore, energetically unfavorable, open-shell clusters might be suppressed on the MgO surface, e.g., by rearranging their atomic con- figuration, attaching further atoms, or adapting the charge transfer from the support to enforce shell closing.
The electron transfer into the Au clusters is with À0:2jej per atom nearly proportional to the atom number in the investigated size range [ Fig. 4(b) ]. Interestingly, the accumulated charge is lower in 2D than in 1D aggregates for small atom counts, manifesting a better delocalization of the transfer electrons and a reduced internal Coulomb repulsion in the linear configuration [26] . This effect diminishes for clusters containing more than 7-8 atoms, when the 2D growth of Au becomes energetically favorable [12, 26] .
In conclusion, QWSs with distinct symmetries have been observed in 2D Au clusters on MgO=Agð001Þ thin films. For sufficiently symmetric clusters, the QWSs resemble the free-electron states in a 2D parabolic potential, as mainly the Au 6s orbitals are involved in the quantization phenomenon. In those cases, the distinct HOMO and LUMO symmetries are exploited to deduce the atomic configuration, the electron filling, and the charge state of the clusters. An accumulation of excess electrons is revealed with increasing cluster size, verifying the longdebated charge transfer mechanism on the MgO=Ag system. Our STM-DFT study is able to connect the geometric and electronic properties of individual metal clusters on oxide supports, contributing to the analysis of the unique chemical behavior of such material systems.
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